Abstract Two types of calcium channels signal excitationcontraction (E-C) coupling in striated muscle: dihydropyridine receptors (DHPRs, voltage-gated L-type calcium channels on the transverse tubule) and ryanodine receptors (RyRs, calcium release channels on the sarcoplasmic reticulum). Sarcolemmal depolarization activates the DHPR; subsequently, the RyR is activated and releases calcium that activates muscle contraction. We show in the present study that expression of the E-C coupling calcium channels is upregulated during myogenic development in the rabbit. Skeletal and cardiac muscle isoforms of the following genes were examined: the DHPR a1, a2, , and y subunits and the RyR. Distinct cardiac and skeletal muscle-specific cDNAs were isolated, encoding each of the DHPR subunits and the RyR. The skeletal muscle DHPR a1, a2, /, and y subunits and the cardiac DHPR a1 subunit mRNA levels increased on the day of birth and at the adult stage compared with fetal levels. The skeletal and cardiac RyR mRNA levels increased on the day of birth and at adult stages compared with fetal levels. Ryanodine binding sites increased in both skeletal and cardiac muscle. We now provide a molecular explanation for the physiological "maturation" of the E-C coupling apparatus observed at the day of birth and during early postnatal development in both skeletal and cardiac muscles. Low levels of calcium channel expression in fetal cardiac and skeletal muscle make these tissues more sensitive to pharmacological therapy with calcium channel blockers, a phenomenon that has been reported in human neonates. (Circ Res. 1994;75:503-51O.) Key Words * ryanodine receptor * dihydropyridine receptor * sarcoplasmic reticulum * muscle development C alcium signaling during striated muscle contraction is mediated by the cooperative activation of both voltage-sensitive calcium channels and intracellular calcium release channels.' The voltagesensitive calcium channels (dihydropyridine receptors [DHPRs]) in both cardiac and skeletal muscles comprise five subunits encoded by four separate genes. Similarly, skeletal and cardiac muscle contain distinct isoforms of homotetrameric ryanodine receptor (RyR)/ intracellular calcium release channels encoded by separate genes. Thus, in each type of striated muscle, at least five separate genes encode the major channels forming the pathways for calcium signaling during muscle contraction. The primary structures of these calcium channels have been deduced from cDNA cloning, and their critical roles in excitation-contraction (E-C) coupling are well established.' The present study demonstrates that expression of both classes of calcium channels, the voltage-gated calcium channel and the intracellular calcium release channel, is coordinately regulated during late myogenic development in the rabbit. Moreover, we show that the four genes encoding
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We have chosen to focus on late events during development because the functional consequences of calcium channel gene expression on striated muscle contraction are more important during these later stages. Indeed, it has been shown that fetal development in utero and myogenic differentiation are abnormal in the dysgenic (mdg)2 mouse, which does not express the a1 subunit of the DHPR. Moreover, this mutation is lethal at birth.3,4 Thus, regulation of calcium channel gene expression in early stages of development is of interest in terms of the effects of altering calcium homeostasis on gene expression, whereas in the later developmental stages, the quality and quantity of muscle contraction are directly influenced by channel expression.
The five subunits of the DHPR have been termed a1, corresponding to nucleotides 1025-1493,9 and the y subunit cDNA, RSKM-G, corresponding to nucleotides 43-726,10 were all isolated by reverse-transcriptase/polymerase chain reaction amplification of rabbit skeletal muscle total RNA as previously described.43 Briefly, sense and antisense primers were designed on the basis of the published cDNA sequences for each of the calcium channel subunits. First-strand cDNA was synthesized using 1 .tg of total rabbit skeletal muscle RNA and 2 pmol of random primers with avian myeloblastosis virus reverse transcriptase (Life Sciences) at 42°C for 1 hour. Thirty-five cycles of polymerase chain reaction with Taq DNA polymerase (PerkinElmer Cetus) were then performed on 0.1% of the products of first-strand cDNA synthesis with 20 pmol of each primer by use of the following parameters: 1 minute denaturation at 94°C, 1-minute annealing at 55°C, and 1-minute extension at 72°C. The polymerase chain reaction products were separated from primers on low-melt agarose gels, purified, and subcloned into pBluescript (Stratagene). The cDNA clones were sequenced with an ABI 373 automated sequenator; the M13 forward and reverse primers were used. The 28S ribosomal RNA probe was a synthetic antisense oligonucleotide based on the cloned human 28S cDNA with the following sequence: CATTCCCA-AGCAACCCGACTCCGGGAACAC. Oligonucleotide probes were labeled by using T4 kinase and [y-32PIATP to a specific activity of >109 cpm/,jg. All cDNA probes were uniformly labeled with random primers by using Klenow and [a-32PIdCTP to a specific activity of >109 cpm/,ug.
RNA Preparation and Analysis
Total cellular RNA was purified from rabbit tissue samples (whole heart and hind-limb skeletal muscle) by using the guanidinium isothiocyanate/cesium chloride centrifugation method essentially as previously described. 18 The cellular composition of the whole-heart samples at each stage of development consisted primarily of cardiac myocytes and fibroblasts,44 46 whereas the skeletal muscle samples were predominantly skeletal myocytes.47-49 RNA was quantified by spectrophotometry at 260 nm, and the ratio of absorbance at 260 nm to that at 280 nm was > 1.8 for all samples. Degradation of RNA samples was monitored by the observation of appropriate 28S-to-18S ribosomal RNA ratios as determined by ethidium bromide staining of the agarose gels. Northern blot analyses were carried out as previously described.'8 Total cellular RNA (20 gLg) was size-fractionated on formaldehyde agarose gels run at 30 mA overnight to provide resolution of high-molecular-weight mRNAs. RNA transfer onto nitrocellulose filters was conducted overnight with lOx standard saline citrate (SSC) transfer buffer. Filters were then baked at 80°C in a vacuum oven for 2 hours. Slot blot hybridization analyses were also performed. RNA samples were added to a solution of 50% formamide, 7% formaldehyde, and lx SSC and denatured by heating at 65°C for 15 minutes and cooled on ice. Two volumes of 20x SSC was added to each sample, and serial dilutions (2.5, 5, and 10 ,ug) were spotted onto nitrocellulose filters by using a slot blot manifold (Bio-Rad). After all of the samples had passed through the filter, lOx SSC was passed through each slot. Filters were air-dried and then baked at 80°C in a vacuum oven for 2 hours. Northern and slot blot filters were prehybridized overnight in buffer containing lx Denhardt's solution (0.02% polyvinylpyrrolidone, 0.02% Ficoll, and 0.02% bovine serum albumin), 5x SSC (lx SSC contains 0.15 mol/L NaCl and 0.015 mol/L sodium citrate, pH 7.0), 0.025 mol/L sodium phosphate (pH 7.4), sonicated calf thymus DNA (50 mg/mL), 0.1% sodium dodecyl sulfate (SDS), and 50% (vol/vol) formamide. Blots were hybridized with cDNA probes in the same buffer mixture overnight at 42°C. Hybridization to oligonucleotide probes was carried out in the same hybridization buffers using 10% formamide. Blots were then washed at a final stringency of 0.2x SSC/0.1% SDS at 65°C for 15 minutes. Filters were exposed at -80 C on x-ray films (X-OMAT, AR, Eastman Kodak) with a single intensifying screen or at room temperature on a storage phosphor screen (Molecular Dynamics). The yield of total RNA per gram tissue from skeletal and cardiac muscles did not vary significantly with developmental stage (all of the yields in terms of micrograms RNA per gram tissue were within 20ev, and the variations did not correlate with development).
Quantification of Calcium Channel mRNA
All filters were hybridized separately to a calcium channelspecific cDNA probe and a 28S probe to control for total RNA bound to the filters and washed under conditions used to achieve specific hybridization during Northern hybridization analyses. After each hybridization, a single exposure time was used for densitometric quantification on a phosphorimager using IMAGE QUANT software. For phosphorimager analyses, values for each mRNA were normalized by dividing the photon signal with the corresponding 28S photon signal as an internal control for RNA loading. The relative mRNA value of this ratio for the fetal time point was set at 1.0. To quantify changes in mRNA levels, phosphorimager data at each time point were obtained from three or more individual animals.
Membrane Preparations
Cellular membranes used for ryanodine binding assays were prepared essentially as previously described.50 Fresh rabbit skeletal muscle and rabbit whole heart were flash-frozen in liquid nitrogen and stored at -80°C until use. Frozen tissue was minced with scissors and homogenized with an OMNI homogenizer in 10 vol of 10 mmol/L HEPES, pH 7.4, 20 mmol/L KCl, 0.5% CHAPS, 100 mol/L phenylmethylsulfonyl fluoride, and 0.5 g/mL leupeptin. After subunit and the skeletal P subunit (see below). The skeletal DHPR a, subunit eDNA probe hybridized to a single ½6.5 kb mRNA in mixed skeletal muscle and in both fast-twitch tibialis anterior muscle and slow-twitch soleus muscle (Fig la) . The (Fig Id) . By use of this same probe, no signals were detected in heart, kidney, or uterus. The 'y subunit cDNA, which included the entire coding region of the rabbit skeletal muscle mRNA, hybridized to an 1.2 kb transcript in skeletal muscle; minor signals were detected migrating at higher molecular weights, which may represent nonspecific hybridizations (Fig le) .
The skeletal RyR cDNA probe hybridized to an~'16 kb mRNA in mixed, fast-twitch, and slow-twitch skeletal muscle (Fig 2a) , as previously reported.'8 There was no detectable signal when using the skeletal muscle RyR in heart, liver, or kidney. After longer exposure, a 2.4 kb mRNA species was detected in brain, which hybridized to the skeletal muscle-specific RyR cDNA (Fig 2a, right) . Indeed, it was recently reported that the 3' portion (2.4 kb) of the skeletal RyR is expressed in brain.5' Two higher-molecular-weight bands were also detected (Fig 2a, right) (Fig 2a, right) tissue and also detected the less abundant -16 kb brain RyR mRNA (Fig 2b) .
Skeletal Muscle Calcium Channel mRNA Levels To examine relative mRNA levels of the slow calcium channel subunits and the ryanodine receptor during muscle development, Northern and slot blot analyses were performed by using total RNA purified from 26-day fetal, 0-, 1-, 3-, 5-, and 7-day postnatal, and adult rabbit skeletal muscle. Northern and slot blots were hybridized separately to each calcium channel cDNA, and a 28S ribosomal RNA oligonueleotide probe was hybridized to control for total RNA loading. Developmental regulation of the skeletal muscle a, subunit of the DHPR (Fig 3a) and the RyR (Fig 3b) is shown by using representative Northern hybridizations. The mRNAs encoding both of these calcium channels demonstrated consistent increases during late myogenic development (Fig 3a and 3b) . Both DHPR and RyR mRNA levels increased by~2-fold on the day of birth, continued to increase during postnatal development, and reached a final adult level 16-fold greater than fetal levels for the DHPR and 5-fold greater than fetal levels for the RyR mRNA (Fig 3a and 3b) . There was a reproducible decrease in skeletal muscle RyR mRNA at postnatal day 5 (Fig 3b) .
The same Northern and slot blots were hybridized to cDNAs encoding the a2, /, and y subunits of the skeletal muscle DHPR (Fig 4a through 4c) . Northern blot analyses showed an upregulation of all three of these mRNAs in skeletal muscle (Fig 4a through 4c) . As for the DHPR a, subunit and the RyR, the a, 3, and y subunits of the skeletal muscle DHPR all increased -2-fold on the day of birth and reached final adult levels =17-fold, -16-fold, and -8-fold higher than the fetal levels for each of the subunits, respectively (Fig 4a  through 4c ). Cardiac Muscle Calcium Channel mRNA Levels Similar studies were performed to characterize the developmental expression of the cardiac E-C coupling calcium channels. Total RNA was isolated from 26-day fetal, 0-, 1-, 5-, 7-, 21-, and 28-day postnatal, and adult rabbit cardiac muscle and hybridized on Northern and slot blots to cDNAs encoding the cardiac DHPR a] subunit and the cardiac RyR eDNA (Fig Sa and 5b) . All three cardiac DHPR a, subunit mRNAs increased 2.5-fold from fetal to adult levels (Fig 5a) . The cardiac RyR mRNA increased on the day of birth and for 3 days after birth; however, there was a consistent decrease on postnatal day 5 (similar to that observed for the skeletal muscle RyR , Fig 3b) , followed by an increase to an adult level 9-fold higher than the fetal level (Fig 5b) calcium channel mRNAs. The signal for this increased expression has not been identified but could be related to increased physiological stresses on both the skeletal and cardiac muscle systems experienced during birth, including the conversion from fetal to neonatal circulation in the cardiovascular system. All four calcium channels in both forms of striated muscle exhibited a steady upregulation of expression (measured in terms of mRNA levels) during development. There were corresponding increases in specific [5H]ryanodine binding in both cardiac and skeletal muscles. These increases in cardiac and skeletal muscle calcium channel expression support the findings of earlier functional studies that reported a "maturation" of sarcoplasmic reticulum during development. However, previous functional studies did not identify specific molecular events associated with developmental changes in sarcoplasmic reticulum function. The present study establishes that the calcium channels required for E-C coupling are in fact upregulated at important developmental stages and provides a basis for understanding alterations in calcium fluxes observed, particularly when comparing fetal with adult muscles. The present study is in agreement with a previous study that examined the expression of sarcoplasmic reticulum proteins during development29 and extends that study to now include the other calcium channel responsible for E-C coupling, the DHPR and its subunits.
The expression of each of the skeletal muscle DHPRsubunit mRNAs were coordinately regulated during development (Fig 4a through 4c) . This finding suggests that the relative levels of each of the DHPR subunits remain comparable throughout development, although the increases in y subunit expression are less pronounced than those observed for both the a, and 3 subunits. It has been speculated that alterations in calcium channel function observed during development could be due to changes in subunit expression or in the expression of different isoforms of the DHPR subunits. In this regard, it is interesting to note that the predominant form of the DHPR /3 subunit identified by Northern analysis in the brain is a 3.4 kb species (Fig Id) . This larger mRNA is detected in skeletal muscle, but the major form is the 1.3 kb mRNA (Fig ld) . During development, the brain form is expressed in fetal tissue, but its levels decrease during the early postnatal period and subsequently rise again in the adult (Fig 4b) . It has not been established whether these two mRNAs encode functionally distinct 3 subunits. If so, they could interact with the same DHPR a, subunit(s) but invoke different effects, which might be developmentally regulated.
On the day of birth, when the heart is first exposed to increased pressures associated with switching from fetal to neonatal circulation, calcium channel mRNA levels increased by 2-fold. Growth factors could be involved in regulating these alterations in ion channel expression. For example, transforming growth factor-fl has been shown to upregulate RyR expression,54 whereas other growth factors, most notably fibroblast growth factor, downregulate calcium channel gene expression. 25 The pattern of cardiac calcium channel gene regulation during development is reminiscent of that observed for cardiac-specific genes during heart failure. It has been reported that during heart failure fetal isoforms of cardiac-specific genes are expressed.55 This reversion to the fetal phenotype has been shown to be mediated by growth factors. 56 We have previously reported that DHPR57 and RyR4' expression are decreased in endstage human heart failure. The decreased expression of calcium channels in human heart failure simulates the fetal pattern of expression of calcium channel mRNA observed in the rabbit.
The present study provides a molecular basis for understanding the reported sensitivity of neonates to calcium channel blockers.3541 Our data would suggest that at fetal and neonatal stages, when expression of calcium channels involved in E-C coupling is low, small doses of channel blockers could have adverse effects on the myocardium and on pulmonary performance. Treatment with calcium channel blockers could result in diminished cardiac contractility, vascular tone, and diaphragmatic activation. This heightened sensitivity to calcium channel blockers in fetal and neonatal tissues is offset by the protective effect of reduced cellular calcium influx during hypoxia and acidosis.
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